Based on the extensive experience in injection moulding of polymeric materials, a twin-screw rheomoulding process has been developed in our laboratory for near net-shape production of engineering components. The rheomoulding equipment consists of a liquid metal feeder, a twin-screw extruder with closely intermeshing, self-wiping and co-rotating screws, a shot assembly and a central control unit. The fluid flow in the twin-screw rheomoulding process is characterised by high shear rate and high intensity of turbulence. The experimental results of rheomoulded Sn -15wt.% Pb and Mg -30wt.% Zn alloys have demonstrated that the twin-screw rheomoulding process is capable of producing small and near mono-sized solid particles distributed uniformly in a fine-grained eutectic matrix. Compared with other existing semi-solid metal processing techniques, the twin-screw rheomoulding process has the following advantages: small and spherical solid particles of near mono-size, chemical and microstructural uniformity throughout the component, accurate control over a large range of solid volume fractions, lower overall component cost due to low cost of feedstock materials, and shorter cycle time.
Introduction
Semi-solid metal (SSM) processing is an emerging new technology for near net-shape production of engineering components, in which metal alloys are processed at a temperature above their solidus but below their liquidus [1, 2] . The critical characteristics of semisolid alloys are their globular or non-dendritic grain structures formed during solidification under forced convection [3] . Semi-solid slurries with a non-dendritic microstructure exhibit distinctive rheological properties, namely thixotropy and pseudoplasticity [4] . It is those rheological properties that make SSM processing unique for effective process control, microstructural engineering and property enhancement. The advantages of SSM processing compared with conventional diecasting process are lower operating temperatures, laminar flow during mould filling and reduced solidification shrinkage. Consequently, one may expect longer die life, shorter cycle time, reduced gas entrapment and porosity, and lower tendency to hot tearing [1, 2] .
Since the early 1970s, a number of alternatives to the original MIT rheocasting process (a single-stage process) [5] have been developed. One of the most popular processes currently used is thixoforming [6] , in which pre-processed non-dendritic alloys by electromagnetic stirring [7] are reheated to the semi-solid region prior to the shaping process. It is therefore a two-stage process. The high cost of pre-processed non-dendritic raw materials and the difficulties to achieve uniform heating are by far the greatest obstacles to the development of the full potential of thixoforming process [8] . In addition, polymer injection moulding techniques have recently been introduced into the SSM processing field. One process is thixomoulding [9] , which was developed by Dow Chemicals and is currently marketed by Thixomat. In the thixomoulding process, Mg-alloy chips are fed into a single-screw extruder, and heated to the semi-solid temperature to produce semi-solid slurries. The produced semi-solid slurry is subsequently injected into a mould cavity for component production. Another development is the single-screw rheomoulding process developed at Cornell University [10] , in which liquid alloy is the starting material instead of solid granules. In both cases, a single-screw extruder was used. However, a single-screw extruder offers neither positive displacement pumping action nor the high shear rate required by SSM processing. Based on the extensive experience in processing of polymeric materials offered by the polymer processing community [11] , a new SSM processing technology, twin-screw rheomoulding, has been developed recently in our laboratory [12] . In this process, a liquid alloy is converted into a semi-solid slurry under high shear rate and high intensity of turbulence provided by a twin-screw extruder, and the semi-solid slurry is subsequently injected into a mould cavity to fabricate integrated components.
In this paper, we report the newly developed twinscrew rheomoulding process and our experimental results on Sn-Pb and Mg -Zn alloys. Discussion will be made on the fluid flow patterns in the twin-screw rheomoulder and the mechanisms for the formation of fine and uniform spherical particles during the rheomoulding process.
Twin-screw rheomoulding process
The developed twin-screw rheomoulding process is illustrated schematically in Fig. 1 . It consists of a liquid metal feeder, a twin-screw extruder, a shot assembly and a central control unit. The liquid metal feeder is designed to supply liquid metal with the desired temperature and the right dose for a specified component. The twin-screw extruder, the core of the rheomoulding equipment, consists of a barrel and a pair of closely intermeshing, self-wiping and co-rotating screws. The screws have a specially designed profile to achieve high shear rate and high intensity of turbulence, and to enhance the positive displacement pumping action. The specially designed twin-screw extruder is adapted to receive liquid metal through an inlet located toward one end of the extruder and to discharge the semi-solid slurry through an outlet located at another end of the extruder. Once in the passageway of the twin-screw extruder, molten alloy is quickly cooled to a pre-determined processing temperature to achieve the desired volume fraction of the solid phase. The extruder has a plurality of heating elements and cooling channels dispersed along the axis of the extruder. The matched heating and cooling elements form a series of heating and cooling zones, which maintain the extruder at the desired temperatures for semi-solid processing. The heating and cooling zones also make it possible to maintain a complex temperature profile along the extruder axis, which may be necessary to achieve certain microstructural effect during semi-solid processing. The temperature control of each individual zone is achieved by balancing the heating and cooling power input by a central control unit, giving rise to a control accuracy of 9 1°C.
The twin-screw rheomoulding process starts from melting and feeding the liquid metal of the right quantity into the twin-screw extruder. The fed liquid alloy is rapidly cooled to the SSM processing temperature in the extruder while being mechanically sheared by twin screws, converting the liquid alloy into semi-solid slurry with a pre-determined volume fraction of solid particles dictated by accurate temperature control. The semisolid slurry is then transferred into a shot sleeve and subsequently injected at a controlled velocity into a mould cavity. The fully solidified component is finally released from the mould. All these procedures could be performed in a continuous cycle and controlled by a central control system. The typical cycle time is around 20-30 s, depending on the size of the components. The solid volume fraction is up to 0.8 with reasonable fluidity.
Experiment

Material preparation
The industrially pure Sn and Pb with \ 99.8% purity were weighed and melted to form a Sn-15wt.% Pb alloy. The molten alloy was kept in a graphite crucible at a pre-determined temperature, usually with 50°C overheat. In order to obtain chemical homogeneity, the melting duration was kept for 1 h with occasional mechanical stirring using a steel rod.
The magnesium and zinc with industrial purity (\ 99.9%) were weighed to form a Mg-30wt.% Zn alloy and melted in an iron crucible at a pre-determined Fig. 1 . Schematic illustration of the twin-screw rheomoulding process. 1, Heating elements; 2, crucible; 3, stopping rod; 4, barrel; 5, heating elements; 6, cooling channels; 7, barrel liner; 8, transfer valve; 9, die; 10, mould cavity; 11, heating elements; 12, shot sleeve; 13, twin-screw; 14, piston; 15, end cup; 16, driving system. temperature, usually with 50°C overheat. The furnace was protected by argon gas during melting and the crucible was covered with a mixture of magnesium salts. The melt was poured within 15 min after reaching the pre-determined temperature. Chemical analysis of the rheomoulded samples confirmed that there was no significant change in chemical composition during melting and rheomoulding.
Microstructural characterisation
All specimens were cut and mounted with cold hardening resin and ground successively with abrasive SiC papers of 180, 400, 800, and 1200 grit, followed by polishing with 6 and 1 mm diamond pastes. The polished Sn-15wt.% Pb alloy samples were then etched, using an etchant consisting of 80 vol.% glycerol, 10 vol.% nitric acid and 10 vol.% acetic acid. The polished Mg-30wt.% Zn alloy samples were etched by 1 vol.% nital in water.
The microstructures of the rheomoulded samples were characterised using optical microscopy and scanning electron microscopy (SEM). The size and volume fraction of the primary particles under various processing conditions were measured with an image analyser. At least 500 particles were used for every selected sample.
Results
The microstructures of Sn-15wt.% Pb alloy sheared at different processing conditions are shown in Fig. 2 . The corresponding processing conditions and microstructural features are summarised in Table 1 . The volume fraction of the primary particles increased with the decrease in the shearing temperature. The primary particles had a mean intercept length of 30-50 mm, which is much finer than the particle size obtained from other SSM processing techniques. The mean particle size decreases slightly with the increase in solid volume fraction (or the decrease in processing temperature). In addition, the primary particles had a uniform distribution in the eutectic matrix. There was little agglomeration among the particles in the rheomoulded samples. A typical distribution of measured intercept lengths of a rheomoulded Sn-15wt.% Pb alloy is presented in Fig.  3 . Also shown in Fig. 3 is the corresponding equivalent particle diameter on the polished surface. The mean intercept length and the corresponding mean equivalent particle diameter were very close to each other as shown in Fig. 3 , indicating that the primary particles had a morphology close to spherical. phase is the dark particles, and the fine two-phase structure is the eutectic matrix, which was the liquid phase at the rheomoulding temperature. Fig. 4 shows that the eutectic matrix had a divorced nature, and that fine Pb particles were uniformly distributed in the Sn matrix. This is very different from the typical coupled eutectic structure obtained by the conventional solidification processing techniques. The microstructure of the rheomoulded Mg -30wt.% Zn alloys obtained under different processing conditions are shown in Fig. 5 . The corresponding processing conditions and microstructural features are summarised in Table 2 . The volume fractions of the primary particles in the rheomoulded Mg -30wt.% Zn alloys were 0.28 and 0.5, as shown in Fig. 5(a),(b) , respectively. The primary particles had a mean intercept length less than 20 mm, which was smaller than those in the rheomoulded Sn-15wt.% Pb alloys. The primary particles were uniformly distributed in the Mg -MgZn eutectic matrix. The measured distribution of the intercept length of the primary particles and the corresponding equivalent particle diameter on the polished surface are presented in Fig. 6 . The distribution curves for the intercept length and the equivalent diameter were very close to each other, again indicating that the particle morphology was very close to spherical. Fig. 7 presents a SEM image of the rheomoulded Mg-30wt.% Zn alloy sheared with a shear rate of 5200 s − 1 at 380°C for 30 s, showing the detailed microstructure of the Mg-MgZn eutectic matrix. In contrast to the microstructure of the Sn -Pb eutectic, the MgMgZn eutectic had a coupled structure with very fine lamella spacing.
In order to analyse the uniformity of particle size in the rheomoulded samples, the size distribution of a random mono-dispersion of particles with radius R were calculated from the following equation [13] :
where n i,j is the probability of intercept length ranging between 2r i and 2r j , and r i and r j are the intercept radii on a polished surface. For the calculations, R was calculated from the measured mean radius of the equivalent spherical particles, r, by taking R =4r /y. The calculated results are compared with measured equivalent particle diameters for Sn-15wt.% Pb and Mg-30wt.% Zn alloys in Fig. 8 . The close match between the calculated size distribution for monospheres and the measured equivalent particle 
Discussion
The fluid flow characteristics in the twin-screw rheomoulding process
The dynamics of fluid flow in a twin-screw extruder is quite complex [11] . Unlike the viscous drag-induced diameter distribution in rheomoulded alloys indicates that the primary solid particles obtained by the rheomoulding process are very close to mono-size. type of materials transport in a single-screw extruder, the transport behaviour in the closely intermeshing twin-screw extruder is, to a large extent, a positive displacement type of transport, being more or less independent of the viscosity of the molten materials. Meanwhile, the velocity profiles in the twin-screw extruder are quite complex and more difficult to describe. There are four scaling groups, each consisting of different forces acting on the materials in a twin-screw extruder. The first group relates to the scales of inertia forces and centrifugal forces; the second group concerns the scale of gravity force; the third comprises the scale of internal friction, and the fourth group refers to the scales of elastic and plastic deformation behaviour of the materials being processed. The principal forces acting on the liquid or semi-solid alloys during the rheomoulding process between two screws and between screw and barrel are compression, rupture, shear and elasticity.
The fluid flow characteristics in a closely intermeshing, self-wiping and co-rotating twin-screw extruder are unusual. Extensive study by the polymer-processing community has confirmed that the fluid moves in 'figure 8' motions around the periphery of the screws [14] , and the 'figure 8' moves from one pitch to the next one, forming a 'figure 8'-shaped helix and pushing the fluid along the axial direction of the screws, as illustrated schematically in Fig. 9(a) . This is usually referred to as positive displacement pumping action. In this continuous flow field, the fluid undergoes cyclic stretch-ing, folding and reorienting processes [15] . This is shown schematically in Fig. 9(b) with respect to the streamlines during the take-over of the materials from one screw to the other. Another feature of fluid flow in the closely intermeshing twin-screw extruder is shown in Fig. 9(c) by the circular flow pattern in the axial section. In consideration of the much lower viscosity of liquid metals, or even semi-solid metals, compared with that of the polymer melt, the intensity of turbulence inside the barrel should be very high.
In addition, Fig. 9 indicates that the fluid is subjected to a cyclic variation of shear rate due to the continuous change of the gap between the screw and the barrel. The lowest shear rate is found at the gap between the root of the screw flight and the inner surface of the barrel; the highest shear rate is offered by the intermeshing regions between two screws if there is a leakage path, although the exact shear rate cannot be calculated because of the complexity of the screw geometry. However, all the materials in the twin-screw extruder will undergo a shear deformation with cyclic variation of shear rate. Based on the viscous flow, the shear rate between the screw and the barrel in a twinscrew extruder can be estimated by the following equation [11] :
where N is the rotating speed of the screw, D is the outer diameter of the screw, and G is the gap between screw flight and the barrel surface. It is clear from equation (2) that the shear rate is proportional to the rotation speed and the outer diameter of the screw, and inversely proportional to the gap between screw flight and the barrel surface. Therefore, the fluid flow in a closely intermeshing, self-wiping and co-rotating twin-screw extruder is characterised by high shear rate, high intensity of turbulence and cyclic variation of shear rate. As a consequence of such fluid flow characteristics, the temperature field and composition field in a twin-screw extruder are expected to be very uniform.
Microstructural e6olution during the twin-screw rheomoulding process
Recently, Qin and Fan [16] analysed theoretically the stability of the solid/liquid interface during solidification under forced convection with various shear rates and intensities of turbulence. The analysis indicates that pure shear flow promotes equiaxed dendritic morphology, and that the growth rate increases with increasing shear rate. They also demonstrated by numerical simulation that, with the increase in shear rate and the intensity of turbulence, the growth morphology will change from equiaxed dendrite to spheroid via rosette.
The results from this theoretical analysis can be used to explain the microstructural characteristics observed in the rheomoulded samples.
As discussed in the previous section, the fluid flow in a closely intermeshing, self-wiping and co-rotating twinscrew extruder is characterised by high shear rate and high intensity of turbulence. According to this theoretical analysis, such flow conditions will stabilise a spherical morphology, instead of a dendrite or a rosette. This has been confirmed by the experiments in our laboratory. Regardless of the shearing time, which may be as low as a few seconds, the observed morphology of the solid particles in the rheomoulded samples is always spherical [17] .
After nucleation, due to the shear rate enhanced particle growth rate, all the nuclei grow very quickly to a size that corresponds to the pre-determined solid volume fraction dictated by the processing temperature. Because of the uniformity of both temperature and composition fields within the fluid, the growth conditions for all the particles are identical; they tend to grow consequently into particles of similar size. In addition, once the pre-determined solid volume fraction is reached, according to the Gibbs-Thomson effect, any possible size difference between particles will be reduced due to the enhanced mass transport through the remaining liquid phase.
Ad6antages of the twin-screw rheomoulding process
As a near net-shape production technology, the advantages of the twin-screw rheomoulding process over other existing SSM technologies are mainly derived from its unique fluid flow characteristics and its high flexibility in terms of processing conditions and requirement for feedstock materials. First, the process is one step and relatively simple. SSM slurry production and component shaping are integrated into one single operation. It can be fully automated for high volume production, just as in the injection moulding processes in the plastics industry. Second, the high shear rate and high intensity of turbulence offered by the specially designed twin-screw extruder will ensure a fine particle size and a spherical morphology. This will in turn result in a finer microstructure and better mechanical properties of the final component. From a rheological point of view, a semi-solid slurry with finer spherical particles of fixed solid volume fraction would be advantageous for production of thin-sectioned castings. Finally, twinscrew rheomoulding offers a lower overall component cost. There are no special requirements for the feedstock materials. Thus, the raw materials cost should be low. In addition, the new process has a shorter cycle time, resulting in a higher production rate. All these factors contribute to the lower component cost. However, different from the popular thixoforming process, a fully liquid metal bath has to be maintained throughout the whole operation in the rheomoulding process; extra caution must be taken to protect the liquid metal from oxidation and contamination from the environment, and to satisfy the safety regulations in the workplace.
Summary
Based on the extensive experience in injection moulding of polymeric materials, a twin-screw rheomoulding process has been developed for near net-shape production of engineering components. The rheomoulding equipment consists of a liquid metal feeder, a twinscrew extruder with closely intermeshing, self-wiping and co-rotating screws, a shot assembly and a central control unit. The fluid flow in the twin-screw rheomoulding process is characterised by high shear rate, high intensity of turbulence and cyclic variation of shear rate. The experimental results of rheomoulded Sn-15wt.% Pb and Mg -30wt.% Zn alloys have demonstrated that the developed rheomoulding process is capable of producing fine and near mono-sized solid particles distributed uniformly in a fine eutectic matrix. Compared with other existing SSM processing techniques, twin-screw rheomoulding process has the following advantages: fine and spherical solid particles of near mono-size, chemical and microstructural uniformity throughout the component, accurate control over a large range of solid volume fractions, lower overall component cost due to low cost of feedstock materials, and a shorter cycle time.
